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ABSTRACT. Human thymidine kinase 2 (hTK2) phosphorylates pyrimidine deoxyribonucleosides to the
corresponding nucleoside monophosphates, using a nucleotide triphosphate as a phosphate donor. In this
study, hTK2 was cloned and expressed at high levelssitherichia colias a fusion protein with maltose-
binding protein. Induction of a heat-shock response by ethanol and coexpression of plasmid-encoded
GroEL/ES chaperonins at 2& minimized the nonspecific aggregation of the hybrid protein and improved

the recovery of three homooligomeric forms of the properly folded enzyme, i.e., dimtetramer>
hexamer. The dimer and the tetramer were isolated in stable and highly purified forms after proteolytic
removal of the fusion partner. Both oligomers contained a substoichiometric amount of deoxyribonucleotide
triphosphates (dTTP dCTP> dATP), known to be strong feedback inhibitors of the enzyme. Steady-
state kinetic studies were consistent with the presence of endogenous inhibitors, and both oligomeric
forms revealed a lag phase of at leaghk min, which was abolished on preincubation with substrate
(dThd or dCyd). The rather similar kinetic properties of the two oligomeric forms indicate that the basic
functional unit is a dimer. Molecular docking experiments with a modeled hTK2 three-dimensional structure
accurately predicted the binding positions at the active site of the natural substrates (dThd, dCyd, and
ATP) and inhibitors (dTTP and dCTP), with highly conserved orientations obtained for all ligands. The
calculated relative nonbonded interaction energies are in agreement with the biochemical data and show
that the inhibitor complexes have lower stabilization energies (higher affinity) than the substrates.

Four distinct human deoxyribonucleoside kinases are (dGuo). Deoxyguanosine kinase (dGK) can efficiently phos-
responsible for initiating the salvage of deoxyribonucleosides phorylate dGuo, dAdo, and-2leoxyinosine (dIno). Thymi-
by catalyzing their irreversible phosphorylation to mono- dine kinase 2 [2deoxythymidine kinase (TK2, EC 2.7.1.21)]
phosphates, which can be further phosphorylated to triphos-phosphorylates dThd, dCyd, and dUrd. TK1 and dCK have
phates by nucleoside mono- and diphosphate kinases (rebeen shown to be cytosolic enzymes, although dCK may
viewed in refl). Thymidine kinase 1 (TKE)has the most  enter the nucleus under certain conditioBs By contrast,
restricted substrate specificity since it only phosphorylates dGK and TK2 are predominantly mitochondrial enzynt@s (
2'-deoxythymidine (dThd) and 2leoxyuridine (dUrd). De-  6), but TK2 may also be present in the cytos8] T—10).
oxycytidine kinase (dCK) phosphorylatesdeoxycytidine  Furthermore, the expression of TK1 is strictly correlated to
(dCyd), 2-deoxyadenosine (dAdo), ané-@oxyguanosine  the S phase in contrast to the other three enzymes, which
are constitutively expressed. This makes TK2 the only
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ficient; [Slos, substrate concentration yielding half-maximum saturation. regulatory mechanism in the maintenance of a balanced pool
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of dNTPs since these kinases usually catalyze the rate-
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Expression and Purification of Recombinant hTRe

limiting step in the salvage pathway. Experimental evidence pMAL expression system was used for the overproduction

has been presented4, 15) that dNTPs may form tight
inhibitory complexes with the enzyme’s active site, acting

of the MBP—(peplEGRY,—hTK2 fusion protein, with mal-
tose-binding protein (MBP) as the stabilizing fusion partner.

as bisubstrate analogues, with the deoxyribonucleosideCells were grown at 37C, and expression of hTK2 was

moiety binding, with high specificity, to the deoxyribo-

induced at 28C by the addition of 1 mM isopropyl! thio-

nucleoside binding site on the enzyme and the triphosphates-p-galactoside (IPTG), when the Qfa equaled~0.8. All
group fitting into the phosphate donor subsite. This model media contained 20Q:g/mL ampicillin and 30ug/mL

has just recently been proven for tBeosophila melano-
gasterdeoxynucleoside kinas®dNK), with the crystal-
lization of the enzyme in complex with its feedback inhibitor

kanamycin, with 60ug/mL chloramphenicol when co-
overexpressing GroEL/ES. Ethanol was added to the medium
prior to inoculation at a final concentration of 3% (v/v) when

MgdTTP (16), and seems to be applicable to the human indicated. The cells were harvested 4 or 24 h after induction,
enzymes given that such a binding position was obtained and the pellets were kept at20 °C until they were used.
for ATP in the crystal structure of human dGK7). The bacteria were resuspended in a medium containing 10

In the paper presented here, we report on the cloning of MM Tris-HCI, 0.2 M NaCl, 2 mM DTT, 10 mM benzami-
the hTK2 cDNA and its high-level expressionkischerichia dine, 1 mM EDTA, 2ug/mL leupeptine, 0.5«g/mL pep-
coli as a soluble fusion protein with maltose-binding protein statine, and 1 mM PMSF (pH 7.25) and disrupted by being
(MBP), and the purification and functional characterization passed through a French press (type FA-073 from SLM
of two active oligomeric forms. Co-overexpression of Instruments, Urbana, IL). After protein purification by
plasmid-encoded GroEL/ES chaperonins and simultaneousaffinity chromatography on amylose resin (New England
ethanol supplementation of the growth medium, which Biolabs) (L8) and size-exclusion chromatography (see below)
induces a heat-shock response in the bacteria, were foundat 4 °C, the isolated fusion proteins were cleaved overnight
to be essential to improve the recovery of the soluble (approximately 16 h) at 4C by the restriction protease factor
oligomeric forms. We also present evidence that recombinantXa (Protein Engineering Technology ApS) using a protease
hTK2, as isolated front. coli, contains different deoxyri-  to hTK2 ratio of 1:150 (w/w) and applied to a second column
bonucleotide triphosphates, known to be potent feedbackof amylose resin, to remove MBP. The tetrameric and
inhibitors of the enzyme. A molecular docking study of dimeric forms were isolated by size-exclusion chromatog-
substrates and deoxyribonucleotide triphosphates docked intodaphy at 4°C using a HiLoad Superdex 200 HR column
a modeled hTK2 three-dimensional (3D) structure, created (1.6 cmx 60 cm) prepacked from Amersham Biosciences,
by usingDm-dNK as a template, was performed to further and aliquots were stored in liquid nitrogen until they were
analyze their binding modes and relative binding affinities. used. The relative molecular mass of the protomer and the
Finally, the subcellular localization of the enzyme, notably, purity of the isolated recombinant protein were analyzed by
the possibility of a cytosolic localization in addition to the 15% SDS-PAGE. The protein concentration was determined
generally considered mitochondrial one, is discussed. by the Bradford protein assay (Bio-Rad), using BSA as the
standard.

Oligomeric Forms of hTK2The relative molecular mass
of the different oligomeric forms of hTK2 was determined
by analytical size-exclusion high-performance liquid chro-

EXPERIMENTAL PROCEDURES

Cloning of hTK2 cDNAhTK2 specific primers (MWG-
Biotech AG) (3-3-caagtatgggtgcgttctgccageg-28 forward
primer and 725-5accttttgcctctatgggcaatgc-3701 reverse  matography (HPLC) using a TSK-GEL G3000&Wolumn
primer, with initiation and stop codons in bold type; (Tosoh Bioscience), at room temperature. The relative
coordinates from GenBank entry U77088) were used in a molecular mass of the different oligomeric forms was
RT-PCR to clone the entire coding region of the hTK2 cDNA estimated from a calibration curve obtained with the fol-
(GenBank entry U77088) using total RNA extracted with lowing standard proteins: cytochroneg12.4 kDa), myo-
TRIZOL (Gibco BRL) from Hep2 cells grown to 66% globin (17.8 and 35.6 kDa), soybean trypsin inhibitor (20.1
confluence. The cDNA was synthesized using the GeneAmpkDa), chymotrypsinogen A (25 kDa), ovalbumin (43, 86,
RNA PCR kit (Perkin-Elmer Life and Analytical Sciences) and 129 kDa), BSA (68, 136, and 204 kDa), human
according to the protocol. The amplified PCR product was transferrin (74, 148, and 222 kDa), MB#phenylalanine
cloned into the pCR 2.1-TOPO vector (Invitrogen) and hydroxylase (186 and 372 kDa), and thyroglobulin (669
transformed into TOP10 cell®anH| and Sal restriction kDa). Blue dextran and dTMP were used to determine the
sites were introduced into the hTK2 cDNA by PCR-(5 void volume {/o = 6.24 mL) and the total exclusion volume
gtcaggatcc-®tgggtgegttctgccageg 28 forward primerand  (Vr = 12.22 mL) of the column, respectively.
5'-gtcagtcgac-725-accttttgcctatggge-3-706 reverse primer, Chromatographic Analysis of Bound Deoxyribonucleo-
with initiation and stop codons in bold type). The obtained tides The deoxyribonucleotides bound to hTK2 were re-
product was cloned into the pMal-c2 vector (New England leased from the protein by 4% (w/v) perchloric acid
Biolabs) and transformed into BL2¢B(DES3) cells (Novagen),  precipitation and identified and/or quantified by anion-
either alone or together with the pGroESL plasmid (obtained exchange HPLC analysis using a PartiSphere-5 SAX column
from A. A. Gatenby, E. |. DuPont de Nemours & Co.), which (prepacked by Whatman) coupled to a Shimadzu HPLC LC-
encodes thgroE operon under the control of both the native 10Avp system with an SPD-M10Avp UWis photodiode
and thelac promoter. The sequence was confirmed by array detector (Shimadzu). Data acquisition and processing
sequencing of both DNA strands using the BigDye Termina- were performed with the CLASS VP software (Shimadzu).
tor Cycle Sequencing Kit on an ABI PRISM 377 DNA Assay of hTK2 Actity. The assay of hTK2 activity was
sequencer (Applied Biosystems). based on the quantitative separation of radiolabeled nucleo-
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sides and nucleotides by HPLAY). The activity was interactions between the protein and the ligand atoms (contact
measured at 28C in a 50uL standard reaction mixture and force field scoring scheme), yielding an intermolecular
containing 50 mM Na-Hepes (pH 7.5, 28), 5 mM DTT, interaction energy. The atom potentials and the partial
0.05% (w/v) BSA, 60QuM MgCl,, 300uM ATP, 200uM charges of the ligands were assigned for the AMBER force
tritium-labeled substrate, andidy/mL recombinant hTK2,  field using Insightll (Accelrys). A grid space of 0.2 A, a
unless otherwise indicated. The enzyme was preincubateddielectric factor of 4, and a sampling size of 5000 structures
at 25°C for 5 min with the substrate (dThd or dCyd) before were used. The DOCK program does not allow for flexibility
the reaction was initiated by the addition of MgATP. The of the protein during the docking procedure, but optimization
reaction was then allowed to proceed for 5 min and was of the bound ligand structure was accomplished during
stopped by adding 1 volume of ice-cold 2% (v/v) acetic acid docking by allowing the flexibility of the ligands. Final

in ethanol (pH 4.0). For each different substrate concentrationoptimization of the structure of the complexes that were
used in the assays, duplicates of the reaction were madepbtained was performed by energy minimization using
with an average variance af5%, and a correction blank  Discover (Accelrys). The programs Insightll and DS View-
was made by performing the reactions in the absence oferPro (Accelrys) were used to prepare the figures of the
enzyme. The phosphorylated product dTMP or dCMP was docked conformers.

isolated by HPLC on a PartiSphere-5 SAX column, and the

radioactivity was determined by scintillation counting. The RESULTS

recovery of HPLC-grade standard nucleotides from this
column was>95%. The steady-state enzyme kinetic param-

eters were calculated by nonlinear regression analysis usin as cloned from Hep?2 cells. The hTK2 primary sequence
the SigmaPlot Technical Graphing Software (SPSS Inc.) and Hep : P y s€q
presented here differs from the one reported by Johansson

the Hill equation. In some experiments, the time course of et al in two amino acids. At position 30 we found a Ser
the reaction was followed in a standard reaction incubation instéad of a Glv and at o.sitiorﬁ) 143 an Ala instead of a Val
mixture containing Sug/mL hTK2, to study the effect of y P '

substrate preincubation on the specific activity of the enzyme The cDNAs published by Wanet al. (6, 29) also encode a
; . " C 7 Ser at position 30, but codon 143 encodes a Val residue.
Three different experimental conditions were studied: (i) : s
! . . .~7 From the published human genome sequer8@®, (it is
dThd or dCyd preincubation for 5 min before the reaction ibl . | o
was started with MgATP, (ii) MgATP preincubation for 5 possib € to predict a Ser and a Val at positions 30 and 143,
min before the reaction was started with dThd or dCyd, and respectively, from the hTK2 gene (GenBank entry AC010289).

(iii) no preincubation and the reaction started by adding both The re5|ddue at pqsﬂon 30.55 parlt of _;hekl_lloop, a highly
substrates at the same time. conserved region in deoxyribonucleoside kinases, important

Intrinsic Tryptophan Fluorescence Measuremerise for the binding of the triphosphate group of the phosphate

intrinsic tryptophan fluorescence of hTK2 was measured on donor nucleo.tide. Although this rgsidue is not con;erveq
Perkin-Elmer LS-50B instrument at & in a buffer among the different mammalian kinases, a Ser residue is
a ter. ing 20 mM Na-H d 0.2 M NaCl (bH 7.0 and always present in a group of TK2-like enzym@&4)( Amino
;on aining 29 m a- e?es an / L .”? (p. ; )and acid 143 does not appear to occupy any region critical for
p_rot_em concentration of 0.03 mg/mL. The excitation an catalysis or oligomerization, nor is it conserved in the
emission wavelengths were 295 and .338 nm, rF"Sp‘:‘lcnveIy'deoxyribonucleoside kinase family. Furthermore, exchange
To study the effect of the substrates, increasing concentra-between a Val and an Ala, when buried, belongs to so-called
tl'ggg Olfﬂq-zr_qd,\frgﬁ :fpto t2_00p M) or d'(\j/lgf:— F:h(frpm 5bt?' “safe” residue substitution82), which are unlikely to affect
OOHM, 21 VIg L. r"f".'o). were added fo the Incubation -, protein structure. In the hTK2 modeled structure (see
mixture every time equilibrium was achieved after the

. 2. : X - below), the side chain from amino acid 143 is facing a
previous addition, and the change in fluorescence intensity hydrophobic microenvironment formed by residues Leug?
(AF339) was measured as a function of the concentration of '

added dThd or MgATP. Nonlinear regression analysis of the His90, le105, His106, lle137, Leu138, Met141, and Val145,

VA .~ all within 8 A.
h h f
gggié_t e binding isotherm) was performed as described Effect of GroEL/ES @erexpression and Ethanol Supple-

Modeling of hTK2 and Molecular Docking of Substrates mentation on the Re@ery Of the Soluble Fusion. Protein
and Inhibigt]ors A modeled 3D structure gf hTK2 was The MBP-hTK2 fusion protein aggregated ext(_enswelywhen
prepared by comparative protein modeling using the SWISS- over.egpressed fod h in E. coli at 28 °C (F|gure. 1A),
MODEL computer algorithm30—22) andDm-dNK as the providing a very low recovery of the soluble protein. Only

template (PDB entry 1J9017). The DOCK 4.0.1 suite of a small improvement in the solubility was obtained by co-
programs (University of California, San Francisco, CA3,( overexpressing the GroEL/ES molecular chaperone system

24) was used to fit different ligands into the active site of (Figure 1C), whereas ethanol supplementation, which induces

the modeled hTK2 structure. The solvent-accessible surface? heat-shock response in the bacted3-(35), made a
remarkable positive contribution to the recovery of soluble

of the structure was calculated by the DMS program under compared to aggregated protein (Figure 1B). Furthermore,

MidasPlus (University of California)2b). The active site IS .

was identified and filled with sphere centers describing the a small synergistic effect was observed by the combined use
shape of the molecular surfac2gf, and scoring grids were
generatedZ7, 28). During the docking procedure, spheres 2 The numbering used here is based on the hTK2 sequence published

O ; ; by Johanssoet al. (8). Different numbering is found in the two hTK2
are matched with ligand atoms and the scoring grids used toSequences oublished by Wargal, i.e., Ser28 and Vall4126) or

evaluate possible ligand orientations by analyzing the steric ser1 and val1746), because of differences in the N-terminal part of
boundary of the protein and electrostatic and van der Waalsthe protein.

Cloning of Recombinant hTK2Vith the use of specific
rimers, the hTK2 cDNA published by Johanssiral. (8)
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Ficure 1: Size-exclusion chromatography on the Superdex 200 column of the recombinanttMBR fusion proteins obtained after
induction fa 4 h at 28°C with different growth and expression conditions: (A) without GroEL/ES co-overexpression or ethanol
supplementation, (B) with ethanol supplementation, (C) with GroEL/ES co-overexpression, and (D) with ethanol supplementation and
GroEL/ES co-overexpression. Peak a, high-molecular mass aggregates and higher oligomeric forms; peak b,~wéXarkbaj; peak c,
tetramer (280 kDa); peak d, dimer<{140 kDa); and peak e, degradation produetd@ kDa). The column was equilibrated in 20 mM
Na-Hepes and 0.2 M NaCl (pH 7.0, 23 mL/h). Ten milligrams of fusion protein was loaded on the column in each experiment. The insets
represent 10% SDSPAGE monitoring protein expression as a function of the induction time: lane 1, molecular mass markers (97.4, 66.2,
and 45.0 kDa); lanes-25, total protein content of the bacteria immediately before induction with IPTG and after induction for 1, 2, and

4 h, respectively; and lane 6, protein recovered from the amylose resin. The positions of thehWiPfusion protein (TK2) and GroEL

(Gro) are denoted with arrows.

of ethanol addition and GroEL/ES coexpression (Figure 1D).
GroEL was consistently copurified with the fusion protein
on the affinity chromatography step, but it was mainly

associated with the high-molecular mass aggregates as 962 o Jialand
revealed by SDSPAGE (Figures 1 and 2). The reduced
level of expression of the MBPhTK2 fusion protein upon
ethanol supplementation, as observed by SBAGE (Fig- S
ure 1), was overcome by a longer induction period (24 h),
without any significant change in the relative proportion
between the oligomeric forms (data not shown). A total yield -
of the purified MBP-hTK2 fusion protein ranging from 80 25 .

to 100 mg/L of bacterial culture was obtained after induction
for 24 h. The nonaggregated MBRTK2 fusion protein was
recovered as a mixture of dimers, tetramers, and hexamers,
with the dimer as the dominant oligomeric form. The FGure2: SDS-PAGE of the purification of the recombinant hTK2
hexameric form of the fusion protein was not further studied €nzyme expressed for 24 h with GroEL/ES co-overexpression and

P : thanol supplementation of the growth medium. Lanes 1 and 9
because of its incompléete separation from the aggregawdsontained molecular mass markers. Lanes 2epresent peakse,

forms (Figures 1 and 2) and a stronger tendency to aggregaterespectively, from size-exclusion chromatography on the Superdex
Purification of Recombinant hTK2The fractions of 200 column (Figure 1B and D). Lane 2 contained high-molecular

isolated dimeric and tetrameric fusion proteins obtained from mass aggregates, hexameric fusion protein, and GroEL. Lane 3
size-exclusion chromatography were cleaved overnight (ap_contamed the isolated tetrameric fusion protein. Lane 4 contained

: ; : : the isolated dimeric fusion protein. Lane 5 contained degradation
proximately 16 h) with factor Xa (4C), which resulted in products 40 kDa). Lane 6 contained the isolated dimeric fusion

a near-complete cleavage of the fusion protein (Figure 2) protein cleaved (incubation for 16 h) with factor Xa, which was
with minimal aggregation and no apparent loss of enzyme sequentially applied to a column of amylose resin. Lane 7 contained

activity. Because of the similar relative molecular mass of pure hTK2, collected as the flow-through from amylose resin and
MBP and isolated dimeric hTK2, the fusion partner and any 3 2GSC B & Mebs St B SeaSrgi B i eluied from
remaining uncleaved protein were removed by passing thethe amylose column with maltose. Lane 10 contained isolated

protein over a second column of amylose resin (Figure 2). tetrameric hTK2, from the Superdex 200 column. Lane 11 contained
The different oligomeric forms of hTK2 were further purified isolated dimeric hTK2, from the Superdex 200 column.

Da 1 2 3 4 5 6 7 8 10 11

L=

144 & =
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by a second size-exclusion chromatographic step, yielding A o B
homogeneous preparations of tetrameric and dimeric hTK2 o
with single bands on SDSPAGE (>97% pure) at a relative
molecular mass of-27.5 kDa (Figure 2). Under optimum
conditions, approximately 10 mg of highly pure and soluble
hTK2 was obtained per liter of culture.

Oligomeric Forms of hTK2 and Identification of Its Bound
DeoxyribonucleotidesThe isolated cleaved hTK2 subjected
to size-exclusion chromatography on a Superdex 200 column
eluted in three peaks with relative molecular masses of
~170100,~108000, and~50900 Da, which matched the
masses of hexameric, tetrameric, and dimeric forms, respec-

tively, of a globular protein with an expected subunit mass 10 c
of 27.5 kDa. However, due to the discrepancies between the 0.9 | .

native molecular mass previously reported for mouse TK2 08 \\\

andDm-dNK when analyzed on Superose 12 (highly cross- 0.7 e

linked agarose matrix) or Superdex 200 (cross-linked agarose 06 \'XQIKz dimer (~48800 Da)

and dextran matrix) column81, 36, 37), we have confirmed ¥ 05 e

our finding by using a TSK-GEL G3000SM analytical 0.4 }X\“\Tf‘e"a“‘er‘“95g°°°a’
size-exclusion HPLC column (silica-based matrix). Isolated 03 "X“{Kf hexamer (~152200 De)
tetrameric and dimeric forms of virtually pure hTK2 87% 0.2 N

pure on SDSPAGE; see Figure 2) revealed the same 0.1 .
oligomeric forms as on Superdex 200, with relative molecular 0.0 ‘ ‘ ‘ ‘ —
masses 0f~152200, ~95900, and~48800 Da for the 40 42 44 46 48 50 52 54 56 58
hexamer, tetramer, and dimer, respectively (Figure 3). Log M,

Furthermore, the preparations of dimeric and tetrameric pigyre 3: Analytical size-exclusion chromatography of isolated
hTK2 isolated by chromatography on Superdex 200 were recombinant hTK2 on a G3000S\WHPLC column equilibrated

relatively homogeneous, as determined from the integratedin 20 mM Na-Hepes and 0.2 M NaCl (pH 7.0, 1 mL/min), and
areas of the individual components in the chromatographic molecular mass determination of the different oligomeric forms.

. H . (A) Tetrameric hTK2 isolated with Superdex 200. The integrated
profiles (see the legend of Figure 3). Moreover, on analytical 5 q.¢ (arbitrary units) are 1194 90 & 7.97 min, hexamer),

size-exclusion chromatography (G3000gWcolumn) of 1707 100 (z = 8.64 min, tetramer), and 366 51 & 9.61 min,
tetrameric hTK2 and of an approximately 1:1 mixture of dimer). (B) Dimeric hTK2 isolated with Superdex 200. The
tetrameric and dimeric hTK2, no changes in the tetramer E[nttegrated aféj%alsggﬁlébziggfsz Ungsgzaﬁﬁin%; rﬁ%#(é;goﬂgn

H HH™ ramer n = Y. , .
dimer eqylllbrlum towaro_l any of the two forms were c%ligra?icznacurve obtaineg with different standard proteins (for
observed in the concentration range of 20005 mg/mL (data.  eails, see Experimental Procedurdg)= (Ve — Vo)/(Vs — Vo),
not shown). To test the possible effect of substrates on thewhereV is the elution volumey, is the void volume of the column,
oligomeric state of hTK2, the enzyme was preincubated with and V7 is the total exclusion volume of the column. Twenty
300uM or 3 mhd AT or MGATP belre g perormance 0o B e a0 Shp i e
size-exclusion I'qu.'d chromatography on the .TS.K'GEL were loaded on the cqu?nnpinyeach egperiment. Detectiongwas at
G3000SW. analytical column. Although no significant  »gg nm.
changes in the relative integrated areas of the chromato-
graphic peaks of the tetramer and dimer were observed ondimeric form @, 29) and a proposed monomeric forr8, (
incubation with either ligand, a nonexpected peak, eluting 39); however, in no case were there indications of the
near the total exclusion volume of the column, appeared (dataoccurrence of higher oligomeric forms, nor was the pos-
not shown). To our surprise, isolated hTK2 seemed to havesibility considered that the enzymes contained endogenous
some low-molecular mass compound(s) bound to it, which deoxyribonucleotide inhibitors. In the study presented here,
appeared to be released by preincubation with/8@@Thd. we have compared the kinetic properties of essentially
The presence of deoxyribonucleotides in the enzyme prepa-dimeric and tetrameric forms of hTK2 as isolated. First, both
rations was confirmed by anion-exchange HPLC and UV oligomeric forms revealed a pronounceds(min) lag phase
detection (Figure 4). Three different peaks, with retention with dThd or dCyd as the substrate, which was completely
times (r) andAmax values corresponding to those of dTTP, abolished after preincubation for 5 min with 2aM dThd
dCTP, and dATP, were isolated from the low-molecular mass (or dCyd), and partially with 30«M MgATP (Figure 5;
compounds released from hTK2 by perchloric acid precipita- data not shown for dCyd). Thus, in the substrate saturation
tion, and their relative occupancies were calculated to be experimentsa 5 min preincubation of the enzyme with the
0.46 mol of dTTP, 0.34 mol of dCTP, and 0.02 mol of dATP final substrate (dThd or dCyd) concentration was performed
per mol of hTK2 protomer for the dimeric enzyme (Figure before starting the reaction with MgATP. As shown by the
4). The two major nucleotides bound to hTK2, i.e., dTTP results presented in Figure 6 and Table 1, dimeric and
and dCTP, are known to be the two most powerful natural tetrameric hTK2 displayed complex kinetic patterns with both
inhibitors of the enzyme3 6, 38, 39). dThd and dCyd as the variable substrate. A kinetic cooper-

Steady-State Kinetic Analysis of Recombinant hTK2 ativity was observed in Hill plots, which gave two Hill
steady-state kinetic properties of wild-type recombinant coefficients for both substrates (Figure 6 and Table 1). Thus,
hTK2 expressed ift. coli have so far been published for a a strong negative cooperativitly & 0.5) was observed below
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Table 1: Steady-State Kinetic Constants of Recombinant Human TK2 As Isblated

dThd dCyd MgATP
Vmax (nmol Vmax (nmol Vmax (nmol
Km@M)  min~tmg™) h K (uM) min~t mg?) h Km (uM) min~tmg™) h
dimer 54+ 12 573+ 41 0.53/0.77 251+ 2.6 277.4+ 8.7 0.94/0.77 4.4 0.6 481+ 12 0.83+ 0.09
tetramer 50t 10 537+ 28 0.49/0.70 18.x 1.8 264.4t6.7 0.86/0.66 10.%1.7 550+ 19 0.74+ 0.08

aThe values were from two independent assays. The kinetic parameters were calculated by nonlinear regression analysis of the experimental
data using the Hill equation. The concentrations of dThd and dCyd were varied from 0.05 #30@dth the ATP concentration kept constant

at 300uM (600 uM MgCl,), and the ATP concentration was varied from 0.5 to 2000(2:1 MgCL:ATP ratio), with the dThd concentration kept
constant at 20@M. The Hill coefficients ) for dThd and dCyd were calculated from Hill plots using W&y values obtained from curve fitting,

with two differenth values being obtained for substrate concentrations below and abeMe Zhe h values for dThd and dCyd, obtained by
nonlinear regression analysis, matched the ones calculated using the Hill plots, at substrate concentrationgMbove 4
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Ficure 4. Anion-exchange chromatography of deoxyribonucleo- y B
tides released from isolated hTK2 by perchloric acid precipitation. o _° . . . . . .
(A) Chromatogram of a mixture of four deoxyribonucleotide 0 2 4 6 8 10 12 14
standards (1 nmol of each). (B) Chromatogram of the deoxyribo- Time (min)

nucleotides released from hTK2 by HGl@recipitation. The mobile
phase was 400 mM K#PO, and 2% (v/v)n-propanol (pH 5.5, 1
mL/min). Retention timestg) for each peak are given. The arrows
in panel A denote thi values for CTP (5.42 min) and ATP (6.20
min). The insets show the absorption spectrum apg of each
single peak.

4 uM and a slight negative cooperativith & 0.7) above

Ficure 5: Effect of preincubation of recombinant hTK2 with
substrate on its catalytic activity. The time course for the hTK2
activity was assayed with 3QEM MgATP and 200uM dThd for

the dimer (A) and tetramer (B), at 28C. The different curves
correspond to enzyme preincubation (5 min) with no substfale (
with MgATP (O), or with dThd ().

this concentration, with dThd as the substrate, whereas dCydsured at 37C as compared to that measured af@5With

followed nearly Michaelis-Menten kinetics at concentrations

below 4uM (h ~ 0.9) and gave a slight negative cooper-
ativity (h ~ 0.7) above this substrate concentration. The
apparenK, andVnax values, obtained by nonlinear regres-

regard to the enzyme’s properties toward the phosphate donor
MgATP (2:1 MgCL:ATP ratio), preincubation of the protein
with an excess of dThd (200M) before the reaction was
started resulted in K, value for dimeric hTK2 (4.%tM) 5-

sion analysis using the Hill equation, are presented in Tableand 20-fold lower than the values reported previously for

1. The Hill coefficients obtained by the same method

recombinant ) and native enzymes8, 40), respectively.

matched the ones calculated using the Hill plots, at substrateThe tetrameric enzyme revealed a slightly higKkgrvalue

concentrations aboveidM. The kinetic parameters obtained
at 25 °C for dimeric hTK2 differ from those previously
determined at 37C (6, 29). Specifically, theK, values are
~4 and~2 times higher for dThd and dCyd, respectively,
and theVmax values are~2 and~3 times lower for dThd
and dCyd, respectively. However, the specific activity of our

for MgATP (10.9uM). Hill plots of the experimental data
were linear over the concentration range that was tested
(0.5-2000uM), and the Hill coefficients that were obtained
were the same as those obtained by nonlinear regression
analysis (Table 1).

Intrinsic Tryptophan Fluorescence Measuremeritbe

recombinant enzyme showed a 3-fold increase when mea-intrinsic tryptophan fluorescence of the hTK2 dimer showed,
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FiGurRe 6: Catalytic activity of recombinant hTK2 at varied

concentrations of dThd and dCyd. For assay conditions and
nonlinear regression analysis, see Experimental Procedures. (A)

hTK2 dimer with dThd @) or dCyd Q) as the variable substrate.
(B) hTK2 tetramer with dThd @) or dCyd (©) as the variable

substrate. The fitted curves were obtained using the Hill equation
and nonlinear regression analysis. The insets show Hill plots of

the same data, with the dashed line indicating a Hill coefficient of
1.0. For all linear regressions, the correlation coeffici€t®) (vas

Barroso et al.

the proposed binding mode for the end product feedback
inhibitors (L4—17), a series of molecular docking experi-
ments were performed on our hTK2 structural model, using
the DOCK 4.0.1 suite of program23, 24). The pyrimidine
natural substrates dThd and dCyd, the phosphate donor ATP,
and the feedback inhibitors dTTP and dCTP were all docked
into the active site of our modeled hTK2 structure with
allowed flexibility of the ligands and optimization of the final
bound structure. The 30 top-scoring dock conformers, with
respect to shape complementarity (contact score) and mo-
lecular mechanics interaction energy (AMBER force field
score), obtained for the different ligands were found at very
defined positions, with root-mean-square deviation (rmsd)
values for all the atoms ranging from 0.29 to 0.82 A. All
configurations of the ligands were located at their expected
binding site by analogy with thBm-dNK-dCyd (17), Dm-
dNK-dThd andDm-dNK-dTTP-Mg (16), and TKysy1*ADP-
dTMP (43) complexes. Figure 7 shows the configurations
with the lowest energy scores for the ensemble of 30
conformers obtained for each docked ligand and the residues
involved in substrate or inhibitor binding. So far, there are
no available structural data for ATP binding at the phosphate
donor site of any of the mammalian deoxynucleoside kinases
or Dm-dNK, although the crystal structure of the herpes
simplex virus type 1 thymidine kinase (TKv1) in complex

with ADP and dTMP 43) provides some insight into the
phosphate donor binding position. Similarly, in our docked
hTK2:-ATP complex, phosphate binding occurs mainly within
a strand-turn—helix motif termed the P-loop (residues
Gly26—Thr33) that accommodates tfiephosphate of ATP
and an arginine-rich site called the LID region (residues
Arg161-Glul70), and the adenine base is sandwiched with
a guanidinium group (Arg161). As expected, both dTTP and
dCTP adopted a position characteristic of a bisubstrate
analogue, with the nucleoside part bound in the substrate

equal to or greater than 0.99. The steady-state kinetic constantssite and the phosphates in the P-loop and LID regions as for

are summarized in Table 1.

on addition of dThd, a quenching of the fluorescence
emission at dmax 0f 338 Nnm. The binding isotherm revealed
a biphasic profile (data not shown) with [g] values,
calculated by nonlinear regression analysis using the Hill
equation, of 4.9+ 1.3 uM (h = 0.56 £ 0.04) for dThd
concentrations below &M and 539.8+ 16.7 uM (h =
0.92 £+ 0.01) for dThd concentrations above (8. A
hyperbolic binding isotherm was obtained for the MgATP-
induced enhancement of the fluorescence ata of 338
nm (data not shown), with a [&] value of 80.3+ 6.8 uM
(h=0.94+ 0.03).

Modeled Structure of hTK2 and Molecular Docking of
Substrates and InhibitorsDespite intensive efforts, no
successful crystallization of TK2 has yet been accomplished

the cosubstrate ATP (Figure 7). A few of the 30 scored
conformers of dTTP and dCTP show similar phosphate
binding as for ATP in the dGKATP complex (7), but the
great majority have the phosphates in a conformation
comparable to the one observed in Die+dNK-dTTP-Mg
complex (6), with an equivalent hydrogen bonding pattern
(Figure 7). The favorable binding of the nucleoside and
triphosphate counterparts of the feedback inhibitors in both
the substrate and phosphate donor site of the enzyme should
give them the capacity to bind their target enzyme with very
high specificity and higher affinity than any of the substrates
alone. It is thus interesting to note that the feedback inhibitors
dTTP and dCTP exhibit lower relative total nonbonded
interaction energies (higher affinity) with hTK2-5.4 +

4.7 and— 78.8 + 6.0 kcal/mol, respectively) than either

.Substrate dThd-{28.0 + 0.6 kcal/mol) or substrate dCyd

However, the high degree of sequence identity between hTK2(—28.2 4 0.8 kcal/mol) or cosubstrate ATP-62.24 0.9

and theDm-dNK (40%) @1) allowed us to create a 3D
structural model of hTK2 by sequence alignment modeling
using the SWISS-MODEL computer algorithr@0-22).

kcal/mol), as judged by the AMBER force field scoring of
the DOCK procedure.

Moreover, the substrate-binding site of hTK2 has been DISCUSSION
described previously for a modeled 3D structure constructed Cytosolicversus Mitochondrial hTK2hTK2 has generally

on the basis oDm-dNK (17, 42), and a similar arrangement
of the active site residues is observed in our model.

been considered to be located in the mitochondria as for the
mouse enzyme3g, 44). However, a cytoplasmic localization

To provide structural and energetic clues related to the of the human enzyme has also been sugge&ted (0). In

substrate specificity of hTK2 and to gain further insight into

agreement with such a proposal, a full-length hTK2 cDNA,
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A B

{ LID region

Ficure 7: Detailed structure of the top-scoring docked conformers of dThd (A), dCyd (C), dTTP (B), dCTP (D), and ATP (A and C) at
the active site of the modeled hTK2 structure, obtained with DOCK 4.0.1. Active site residues at the ligand binding sites are shown in
ball-and-stick representations, and the different ligands are shown as sticks. For clarity, Trp55 on top of the nucleoside/nucleotide base and
Phel12 behind the base are shown as wires. The loops involved in phosphate binding, the P-loopTI@B26and an arginine-rich site

called LID (Argl61-Glul70), are shown. Water molecules (W, in green) were taken from the crystal struciDne-@i¥lK in complex

with dCyd (7). Hydrogen bonds were calculated with the program Insightll (Accelrys) and are shown as black lingspAdephate of

ATP andy-phosphates of dTTP and dCTP make further interactions with the P-loop main chain (Ala29, Ser30, Lys32, and Thr33), which
are not shown for simplicity.

containing an initiation codon and lacking a mitochondrial Acembly/av.cgi?di-human&ec=Gene&=TK?2) than the 10
leader sequence, was clon&l @nd the recombinant protein initially proposed 6). Similar mechanisms have been de-
was shown to be predominantly localized to the cytosol on scribed previously, notably among proteins involved in DNA
expression in mammalian cells as a GFP fusion pro@®in (  metabolism, in which both nuclear/cytosolic and mitochon-
More recently, a full-length recombinant hTK2, containing drial isoproteins originate from a single gene, either by the
a mitochondrial targeting signal, was reported, with its 41 use of multiple translation initiation sites or by alternative
N-terminal amino acids differing from the 10 N-terminal splicing of the gene transcript, which makes the translated
residues in the cytosolic isoform but sharing the remaining proteins identical except for the upstream targeting sequence
224 C-terminal amino acids). It was suggested that the (45—48). The coding regions of the first exons from either
5'-sequence of the cDNA lacking a mitochondrial targeting isoform of hTK2 are closely spaced in the human genome
signal is part of an intron sequence, with the coded isoform sequence of chromosome 16 (GenBank entry AC010289);
resulting from an alternatively spliced mRNA product that the last nucleotide of the first exon in the cytosolic isoform
may not be translated. Nevertheless, by using a specificis only 191 bp upstream of the ATG codon from the first
forward primer directed to this'sequence, we were able exon of the mitochondrial isoform. The mature proteins, i.e.,
to clone the cytosolic isoform again, from Hep2 cells. Thus, after cleavage of the targeting signal in the mitochondrial
it is likely that at least two different forms of the enzyme isoform, are expected to differ in only the first-80
actually exist in a cell, i.e., a mitochondrial and a cytosolic N-terminal amino acids and therefore to have identical
isoform, as observed for mouse dGK5{ and previously catalytic properties. The expression of a cytosolic form of
suggested for hTK23 7, 10). In fact, the hTK2 gene shows hTK2 will affect the dNTP metabolism and nucleoside
multiple transcripts in most tissues, (29), and the two analogue activation in ways not considered so far. Thus,
isoforms may originate by alternative splicing of alternative compounds phosphorylated by hTK2 may affect not only
first exons, with the hTK2 gene consisting of more exons the mitochondrial but also the nuclear DNA replication and
(for reference, see http://www.ncbi.nim.nih.gov/IEB/Research/ repair, producing a wider range of biological effects.
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Effect of GroEL/ES @erexpression and Ethanol Supple- confirming the results obtained with native hTK2 isolated
mentation on the Reeery of the Soluble Fusion Protein  from leukemic spleen30).
The first attempts to express hTK2 as a MBP fusion protein  Isolated hTK2 Is Endogenously Inhibited by Its Natural
by standard growth and induction conditions were disap- Feedback InhibitorsRecombinant hTK2 was recovered from
pointing since almost no soluble enzyme was obtained dueE. coli with tightly bound deoxyribonucleotides, i.e., dTTP
to aggregation, as previously reported for a His tag fusion (0.46 mol/mol of subunit), dCTP (0.34 mol/mol of subunit),
protein @9). However, the problem was solved by co- and dATP (0.02 mol/mol of subunit). These nucleotides were
overexpressing the. coli GroEL/ES chaperon systerf(— retained with a high occupancy80%) during the sequential
52) and simultaneously subjecting the cells to ethanol, which purification steps, indicating that dTTP and dCTP have a
transiently upregulates the synthesis of several heat-shockvery high affinity for hTK2. Such tight binding appears to
proteins (hsps)33—35, 53, 54). While co-overexpression  result from both the highly favorable interactions between
of GroEL/ES alone had little effect on the recovery of the the nucleoside moiety and the substrate-binding site and the
soluble fusion protein, the addition of ethanol prior to €lectrostatic forces provided by the triphosphate group, in
inoculation greatly reduced its level of aggregation. Ethanol the orientation obtained by molecular docking (Figure 7) and
supplementation before inoculation induces a stoichiometric recently published for thBm-dNK-dTTP-Mg complex (6).
increase in the intracellular concentration of most chaperonesThus, in the inhibitor complexes, the overlap of binding
before the induction with IPTG, by stimulating the continu- forces characteristic of each set of substrates (e.g., dThd and
ous synthesis of the heat-shock transcription faetx ~ MOQATP) results in a higher affinity of the enzyme for the
(reviewed in re5). Thus, the overexpression of a particular inhibitors thar_1 for eith_er subst.rate alone, as demonstrated
chaperone system is sometimes inadequate since mosPY the force field scoring function of DOCK.
proteins require the sequential action of several chaperone The high dNTP occupancy of recombinant hTK2 repeat-
systems for their correct folding56—58). GroEL was  €dly found in our enzyme preparations suggests that other
copurified with MBP-hTK2 in the affinity chromatography ~ Structurally and functionally related recombinant proteins,
step, and the two proteins formed a stable complex, indicatingProduced inE. coli, will have at least some inhibitory
that the GroEL/ES folding machine (Hsp60/Hsp10 in eu- deoxyribonucleotide triphosphates bound, as isolated. More-
karyotic mitochondria) may exert a direct influence on the OVer, native proteins purified from mammalian sources may
folding of hTK2, as occurs for most mitochondrial matrix /S0 be partially inhibited since the average physiological
proteins after import§9—62). The solubility of hTK2 after concentrations of dNTPs in mammalian cells, i.e., dTTP
expression for 24 h iE. coliremained as high as after 4 h. (37 £ 30uM), dCTP (29+ 19 uM), dATP (24+ 22 uM),

Thus, an important effect of the chaperones may be to@nd dGTP (5.2 4.5 uM), are in the same range as the
prevent the initial formation of small nuclei of aggregated ©nes found ir. coli (dTTP measured up to 1QfM) (69).

protein and thus avoid the propagation of the self-aggregation  Steady-State Kinetic Analysis of Endogenously Inhibited
of incompletely folded protein. Moreover, in the ethanol- Recomblnan_t hTKZZrom an enzyme Kinetic point of view,
treated cultures, the decreased rate of synthesis of the fusiof’® @re dealing with a recombinant form of hTK2, which
protein (Figure 1) may also contribute to the high recovery occurs as both a homotetramer and a homodimer in some

of correctly folded hTK2, by reducing the concentration of sort of e.q“'_"b”“”.‘- Moreover, bo_th enzyme fc_)rms contain
aggregation-prone folding intermediates a substoichiometric amount of inhibitory deoxyribonucleotide

) ) ) ) triphosphates 0.8 mol/mol of hTK2 subunit, where
Oligomeric Forms of Catalytically Acte hTK2 The  41Tp> CTP> dATP), which affected the enzyme kinetic
molecular chaperone-assisted self-assembly of homooligo-gygies. Thus, the time course for the formation of dTMP or
meric forms of the MBP-hTK2 fusion protein resultedina  gcmp, with dThd or dCyd as the substrate, revealed a
mixture of dimers, tetramers, and a minor hexameric form. pronounced lag phase when the reaction was started by the
The dimerization mode of deoxyribonucleoside kinases has simultaneous addition of substrate and phosphate donor
been described in the 3D crystal structures of.dK (63) (MgATP). Preincubation with substrate (dThd or dCyd),
andDm-dNK and human dGKX(7). In our study on hTK2,  however, resulted in a dissociation of the inhibitory triphos-
the dimer constitutes the dominant oligomeric form, repre- phates (Figure 5), and a linear time course was obtained.
senting~70% of the soluble protein at pH 7.0 ane-25 Therefore, a preincubation with dThd or dCyd was routinely
°C. However, to our knowledge, this is the first time higher performed in the kinetic studies. No significant differences
oligomeric forms (i.e., tetramer and hexamer) have beenyere observed between the tetrameric and dimeric forms of
observed in the class | deoxyribonucleoside kinases, with the enzyme, which were found to preserve their oligomeric
Dm-dNK as the prototype6d). Indeed, in a recent report,  state at concentrations as low as 0.05 mg/mL (see Results).
hTK2 was shown to behave as a dimeric protein on a Thus, the functional unit of hTK2 appears to be a dimer and
Superdex 200 size-exclusion chromatography column, with the tetramer assembled as a dimer of dimers. A striking
no indications of higher oligomeric form§) However, in  feature of both oligomers is that the substrates (dThd and
that study 6), hTK2 was expressed as a N-terminal His tag dCyd) appear to bind to the enzyme with different affinities
fusion protein, which had previously revealed a pronounced at low and high substrate concentrations, as seen from the
tendency to form large aggregates during expressi@n ( Hill plots (Figure 6 and Table 1). Accordingly, the binding
The hexameric and tetrameric forms of hTK2 were un- of dCyd revealed an apparent negative kinetic cooperativity
equivocally observed in the study presented here when(h~ 0.7) above 4M and no significant cooperativityh(x
expressed in the presence of an increased level of moleculan.9) below this concentration, whereas the binding of dThd
chaperones (Figure 1). No changes in the oligomeric staterevealed an apparent negative kinetic cooperativity at
were observed in the presence of either dThd or MgATP, substrate concentrations above~ 0.7) and below If ~
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0.5) 4 uM. Interestingly, as in the steady-state kinetic -efficiency in the phosphorylation of its substrates and several
analysis, the tryptophan fluorescence measurements revealeducleoside analogues or even be able to use compounds
a biphasic concentration dependence for the quenching effecireviously reported not to be substrates for the enzyme, with
of added dThd, with a negative cooperativity at low substrate obvious consequences in terms of biological side effects

concentrations<5 uM; h = 0.53-0.56). The [§]s values

observed for the different analogues. The widely used anti-

obtained from the binding isotherms of dThd (at concentra- HIV nucleoside analogu€'-azidothymidine (AZT), known

tions of >5 uM) and MgATP were~10-fold higher than

to cause severe side effects due to mitochondrial DNA

the measure®, values in the steady-state kinetic analysis damage 710-72), was shown to be poorly phosphorylated
involving a 5 min preincubation period with dThd. Negative by native, purified hTK2 89, 73) but not at all by the
cooperativity has been observed previously for dThd with recombinant proteirg). Thus, in future studies on this group
recombinant hTK2, but no mixed cooperative behavior was of enzymes, it will be important to be aware of the possible
reported 6, 29). However, these kinetic studies were presence of endogenous inhibitors, in both recombinant and
performed without preincubation with substrate in the assay native enzymes.

and at a higher temperature (ST vs the temperature of

25°C used in this study). The relatively long lag phase seen ACKNOWLEDGMENT

in the time course experiments when no preincubation was
performed (Figure 5) was to be expected for a tight binding te
of the deoxyribonucleoside triphosphates, and their rate of
release may depend on both the substrate concentration an
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